Objective: To assess the selenium status of Southern Tasmanians. Design: Cross-sectional. Settings: One thousand and five hundred adults randomly selected from the electoral roll living in the Greater Hobart region of Southern Tasmania, Australia, were invited to participate. Subjects: The overall response rate was 22% (335/1500). Interventions: A venous blood sample was collected and a questionnaire administered (consisting of brief demographic details and health questions) to subjects who granted informed consent. A previously validated assay using magnetic sector ICP-MS was employed for plasma analysis. Results: Total plasma selenium levels for this sample population were normally distributed with a mean level of 110 mg/l (range 67-268 mg/l) indicating that the majority of the subjects were not selenium-depleted (71% with levels greater than 100 mg/l). Adjustment for differential age/gender response rates produced similar values. More women under 50 (42%) and men over 50 (32%) had selenium levels o100 mg/l with the potential for sub-optimal selenoprotein activity. Low education attainment was associated with low total selenium level (Po0.02). Conclusions: The majority of participants were not deficient in selenium. Given the narrow therapeutic window of supplementation, dietary advice to increase foods rich in selenium, particularly to higher risk groups, may be an effective means of increasing plasma selenium toward target levels.
Introduction
Although the importance of selenium as an essential trace element in animals has been documented since 1950s, it was not until the 1970s that selenium deficiency in humans was linked with Keshan disease (a cardiomyopathy) and KashinBeck disease (an osteoarthropathy) (Ge and Yang, 1993) . True selenium deficiency is rare in outside parts of China and Siberia. However, as noted by Daniels (2004) , selenium 'depletion' as opposed to 'deficiency' is becoming associated with many diverse disease states including cardiovascular disease (Neve, 1996) , cancer (Combs and Gray, 1998) , thyroid dysfunction (Kohrle, 1999) and viral infections such as HIV (Beck et al., 1995; Kupka et al., 2004) . The broad health implications of low selenium levels in humans have been covered in several recent reviews (Kohrl et al., 2000; Rayman, 2000; Brown and Arthur, 2001) .
Selenium levels in plants correlate closely to the prevailing soil concentration (Miladinovic et al., 1998) , whereas the levels in livestock and humans predominantly arise directly and indirectly via plant ingestion. Low soil selenium is associated with sand, sandstone and siltstone as opposed to clay (Hou et al., 1992) . Availability is inhibited by adsorption onto organic matter as well as leaching, with low levels typically found on hill slopes (Hou et al., 1992; Fordyce et al., 2000; Wang and Gao, 2001 ). Sulfur fertilization is also thought to interfere with selenium uptake by plants (Gupta & Gupta, 2002) . As well as parts of China and Russia, central Africa, eastern Europe, New Zealand and regions of Scandinavia have been established as areas with low soil selenium and have demonstrated low levels in humans (Combs, 2001) .
Some studies have indicated that soil levels of selenium and iodine are linked geographically (Arthur et al., 1993; Guttikonda et al., 2002) . Given that Tasmania is recognized as having a low iodine status (Guttikonda et al., 2002) , it is also possible that the population suffers from a relative lack of dietary selenium owing to climatic, geological and geographic factors. Despite this hypothesis, there are few published data on selenium status in Tasmanians and there is limited information on the actual selenium soil content in Tasmania. There is also no representative Australia-wide data and little information on the selenium content in Australian foods.
In the only previous large-scale study of selenium status in Tasmania by McGlashan et al. (1996) , 390 newly pregnant Tasmanian women were found to have relatively low serum selenium (81718 mg/l) compared with other Australian States (87717 mg/l); however, selenium levels are known to be lowered during pregnancy (Butler et al., 1982) , and details concerning the analytical methodology and quality control protocols employed were scant. Daniels et al. (2000) also showed that plasma selenium levels were lower in a small sample of 25 healthy blood donors living in Tasmania (77713 mg/l) than for 19 donors from Adelaide (88720 mg/l). Recent work by Lyons et al. (2004) , however, suggests that these values appear low. Lyons et al. (2004) found mean plasma levels of 102 mg/l in 834 South Australians in six cross-sectional surveys between 1977 and 2002 with mean levels declining from 122 mg/l in 1977, to 91 mg/l in 1988 before increasing to 103 mg/l in 2002.
It is generally accepted that plasma selenium around 70-100 mg/l is needed for optimum selenoprotein activity. Selenium plasma levels for maximal glutathione peroxidase activity have been reported over the range 90-114 mg/l (Alfthan et al., 1991; Thomson et al., 1993; Duffield et al., 1999) , whereas maximum selenoprotein P concentrations are reached around 83-118 mg/l (Marchaluk et al., 1995; Duffield et al., 1999) , but may be as low as 71 mg/l in individuals with low selenium status (Hill et al., 1996) . Rayman (1997) suggested a value of 100 mg/l as a threshold for nutritional adequacy although it has even been proposed that around 120 mg/l is a useful target for minimizing cancer risk (Combs, 2001) . One significant limitation with plasma selenium threshold estimates, based on protein levels and activity, is that the positive health effects of selenium cannot be solely attributed to selenoproteins. There is considerable anticarcinogenesis evidence from mono-methylated forms of selenium (Ganther, 1999) .
On the basis of evidence suggesting low soil selenium and apparently conflicting results from previous population studies, further work was warranted to assess selenium status in Tasmania. It was the objective of this study to assess the selenium status in a representative sample of the Southern Tasmanian population.
Methods

Subject selection
A cross-sectional study and blood collection were carried out on adults living within the Greater Hobart region of Southern Tasmania, with a population of approximately 189 000 (Anonymous, 2002) . In July 2003, a covering letter outlining the study, information sheet and contact details form were sent out to a total of 1500 adults (735 females and 698 males), selected randomly from the 2003 Electoral Roll, as permitted by the Australian Electoral Commission. The selected names on the electoral roll were age-stratified based on the age distribution of adults in Southern Tasmania (Anonymous, 2002) .
The inclusion criteria for this study were non-institutionalized, ambulatory, not pregnant, no terminal illnesses and to have been a resident in Southern Tasmania for at least the past 2 years. Media advertising and publicity within Southern Tasmania explaining the study and its significance was undertaken before the mail out.
A reminder letter was sent out 1 week after a closing deadline. Individuals agreeing to participate in the study were contacted by telephone to make an appointment and then visited at home at a convenient time for administration of the questionnaire and blood collection. Each subject's informed consent was obtained before data and blood collection. At the end of the sample batch analysis, a letter stating the total selenium level result was sent out to each participant and a sheet of background information on selenium was included. This project was approved by the Southern Tasmania Health and Medical Human Research Ethics Committee.
Questionnaire
The questionnaire administered by interview consisted of brief demographic details and health questions (age, height, weight, any chronic diseases, medications, vitamin/mineral supplementation, smoking habits and alcohol intake). Socioeconomic status was estimated by statistical area of residence (Anonymous, 2002) . Alcohol intake (heavy versus nonheavy drinkers) was based on 2001 Australian Alcohol Guidelines (Anonymous, 2001 ).
Blood sampling
A tourniquet was applied to the upper arm and 10 ml of blood was collected in heparinized tubes from the antecubital vein by an approved phlebotomist. The blood was stored on ice, then upon return to the laboratory, centrifuged at 3000 rpm for 15 min to separate the red blood cells from the plasma. Trace-element-free techniques were used during the handling and analysis of all the blood samples collected. The plasma was frozen and stored in traceelement-free polyethylene vials at À701C until sample analysis.
Total selenium analysis A previously validated assay using magnetic sector ICP-MS in high resolution mode was employed . This method avoids many of the spectral interferences typically associated with the ICP-MS analysis of selenium. Before analysis, plasma samples were diluted ( Â 10), acidified with concentrated nitric acid (final concentration 0.5%), with ethanol added (final concentration 0.5%). The detection limit found for 82 Se (monitored isotope) was 0.2 mg/l. Accuracy was confirmed using an external commercial reference sample (8375 mg/l; n ¼ 5; versus a target value of 8376 mg/l), with an intra-batch repeatability of approximately 5%. Inter-laboratory comparisons were carried out in this study to ensure high quality and reliable analytical results. Further details concerning the analytical protocol have been reported elsewhere .
Statistical analyses
The mean total plasma selenium concentrations and their associations with age, gender, socio-economic indices and other lifestyle factors were investigated using general linear modelling with robust standard error (s.e.) estimation. The effect of the potential risk factors on the likelihood of the subjects having total plasma selenium concentrations below 100 mg/l was estimated using logistic regression and expressed as an odds ratio (OR). The arbitrary plasma selenium level of 100 mg/l was based on the upper plasma levels observed with maximal glutathione peroxidase activity and selenoprotein P concentration. As the response rate varied in different age and socio-economic status groups, estimates were made that were unweighted for these analyses, and also weighted for the age/gender numbers in the study sample compared with that of the Greater Hobart Region from the 2001 census. The study subjects were assigned a socioeconomic status score based on their Australian Bureau of Statistics census collector district Socio-Economic Index for Australia (SEIFA) scores (Anonymous, 2002) , divided into deciles based on the Greater Hobart Region population. Analyses were performed using STATA Statistical Data Analysis, version 8.2 (Statacorp, USA).
Results
Subject recruitment
Of the 1500 letters distributed, there were 369 positive replies, with 67 letters returned to sender owing to incorrect address. The response rate was 26.0%, however, six replies were rejected as the volunteers did not satisfy the subject selection criteria, 17 had moved away from Southern Tasmania and six withdrew from the study during the period of data and sample collection between July 2003 and February 2004. During the venipuncture process, blood samples were unable to be obtained from five subjects, resulting in 335 samples (188 females, 147 males) available for analysis, providing an overall recruitment rate of 22%.
Subject characteristics
Participants' age was slightly skewed with a median age of 49 years (range 18-65) and 34 and 60% of participants were in the 26-45 and 46-65 age groups, compared with the greater Hobart distribution of 51 and 43%, respectively (Anonymous, 2002) . A large proportion of subjects (52%) had University or further education qualifications. Similarly, a significant proportion (28%) reported an occupational skill level of 1 (managers, administrators and professionals) compared with 12% of the general population (Anonymous, 2002) and 25% of subjects were from high socioeconomic status areas. Demographics and socioeconomic data are presented in Table 1 . The median body mass index (BMI) of participants was 26.9 kg/m 2 (range 18.1-50.6), with 30.4% having a BMI within the recommended range of 20-25 kg/m 2 . The most common self-reported diseases were hypertension (25%) and past or current osteoarthritis (18%). Self-reported health status is shown in Table 2 . The use of selenium or selenium-containing supplements was reported by 7% of subjects, and vitamin C and E supplementation was self-reported by 18 and 15% of subjects, respectively. The proportion of current smokers and ex-smokers was 16 and 30%, respectively. No alcohol intake in a normal week was reported by 22% of male and 35% of female participants.
Total selenium levels
The mean7standard deviation (s.d.) of total plasma selenium level for this sample was 110719 mg/l, with a range of 67-268 mg/l (Figure 1 ). Mean (s.d.) levels in males were 112722 and 108716 mg/l in females. Twenty-nine percent of study subjects had a total selenium level of less than 100 mg/l, estimated to be equivalent to 32% of the Greater Hobart Region population. There were only four participants with plasma selenium levels less than 70 mg/l. Mean total selenium level was lower in women under the age of 50 compared with those aged 50-65 (104 versus 112 mg/l; Po0.001; Table 3 ). From the weighted population estimates, 41% of women under the age of 50 had a plasma selenium level of below 100 mg/l. There was no mean difference between younger or older men and older women, however, there was a wider distribution of total selenium levels in older men. This resulted in a larger proportion of older men with levels below 100 mg/l (32.4 versus 17.9% for older women; OR ¼ 2.19 (95%CI: 1.01-4.78; P ¼ 0.048). Subjects with lower skill levels (elementary clerical, sales and service workers and labourers) had lower mean7s.d. of total selenium levels compared with managers and professionals (104717 versus 110719 mg/l; P ¼ 0.045). Subjects who had not completed high school education had both lower mean total selenium levels compared with those who had completed high school (104732 versus 110720 mg/l; P ¼ 0.014) and a higher proportion with total selenium levels below 100 mg/l (64.1 versus 29.2%) and OR ¼ 4.33 (95%CI: 1.50-12.50; P ¼ 0.007). However, when overall socioeconomic status was examined, as expressed by the SEIFA indices of Australian Bureau of Statistics census collector district of residence, no associations were found with SEIFA scores of advantage, disadvantage, education or economic status.
Subjects taking selenium only supplements (n ¼ 3) had higher plasma levels of selenium than subjects not taking any supplements (mean 147 versus 109 mg/l; Po0.001). Subjects taking multivitamin supplements (n ¼ 19) containing selenium also had slightly higher mean plasma levels of selenium, but this was not significant (mean 117 versus 109 mg/l; P ¼ 0.07) unless combined with the selenium-only supplement subjects (mean 121 versus 109 mg/l; Po0.01).
Smoking had no effect on plasma selenium levels. Heavy drinkers (n ¼ 13) had lower plasma levels of selenium than non-heavy drinkers (mean 95 versus 110 mg/l; P ¼ 0.004). There were no significant differences in total plasma selenium concentration between each disease state listed in Table 2 .
Multivariate analysis (when weighted for differential age/ gender response rates) demonstrated that heavy drinking (À16 mg/l; P ¼ 0.003), incomplete high school education (À15 mg/l; P ¼ 0.018) and being female under 50 years (À7 mg/l; P ¼ 0.002) were associated with reduced plasma selenium levels.
Discussion
The majority of participants (71%) were not seleniumdepleted, although 41% of women under 50 and 32% of men aged 50-65 had selenium levels below 100 mg/l, whereas selenium depletion was less common in older women (18%). Subjects who did not complete high school education had significantly lower selenium levels than other subjects.
The response rate of 22% raises the possibility of unidentified under-representation of subgroups with low selenium status. The subjects were older and of apparent higher socio-economic status than the general Greater Hobart population. Adjustment for age/gender differences did not greatly alter these estimates. There was no apparent association between census collector district mean SEIFA scores and selenium status, but the observation that low education attainment was associated with lower selenium levels leaves open the possibility of significant minority subpopulations whose identities are not reflected in the mean SEIFA scores who have lower selenium levels.
The plasma selenium levels in our Tasmanian sample (mean 110 mg/l) were very similar to those reported by Lyons Education and occupation skill level classifications based on study conducted by (Cameron et al., 2003) . b Socioeconomic status estimated from statistical area (Anonymous, 2002 (Anonymous, ). et al. (2004 in South Australia (mean 103 mg/l). The percentage of individuals with a selenium level below 100 mg/l was 29% in our study (equivalent to 32% of the Greater Hobart population), compared with 39% in South Australia. It should also be noted that the maximum age for participation in the latter study was 65 years of age and there is some evidence of declining selenium levels in the elderly (Akbaraly et al., 2005) . Plasma selenium levels are higher than those reported in many other countries, including New Zealand, but lower than reported levels in several countries including the USA and Japan (Combs, 2001) . Interestingly, the proportion of participants less than 70 mg/l was 4/335 (1.2%) which is far less than the estimated prevalence (10-50%) of low selenium status (defined as less than 70 mg/l) by Combs (2001) , based on reported blood selenium levels.
The prevalence of selenium levels below 100 mg/l should not be interpreted as an elevated risk of various disease states such as cancer, cardiovascular disease and thyroid dysfunction. The only direct evidence of low plasma selenium and Figure 1 Total plasma selenium cumulative proportion for study sample and estimate for Greater Hobart population and sample frequency distribution (n ¼ 335). Continuous line is the cumulative proportion for the sample, the dotted line is the estimated cumulative proportion for the Greater Hobart population.
disease in humans relates to Keshan disease and Kashin-Beck disease (Combs, 2001) . Given that anticarcinogenesis effects have been observed with mono-methylated forms of selenium (Ganther, 1999) , only relying on selenoprotein saturation to determine threshold plasma selenium values for cancer prevention in humans may be an inappropriate approach. The implications of the relatively high proportion of subjects with plasma selenium less than 100 mg/l from a population health perspective is unclear at this time.
In light of its potential toxicity and uncertainty about the beneficial outcomes of supplementation with selenium (Daniels, 2004) , routine supplementation appears to be unwarranted in most residents of Southern Tasmania at this time. This stance may change as the results of a number of trials examining the effects of selenium supplementation on cancer and other diseases become available. In the meantime, it would be reasonable to promote increased dietary intake of foods rich in selenium by individuals potentially most at risk of having suboptimal selenium levels, particularly young women, older men and those with low educational attainment. Two recent studies have shown associations between high selenium levels and fish and meat consumption in France and Britain (Arnaud et al., 2006; Bates et al., 2006) , both countries with similar levels and estimates of depletion prevalence (10-50% o70 mg/l ) as Australia (Combs, 2001 ).
This study, in combination with other recent Australian work (Lyons et al, 2004) , may also suggest that previously reported selenium levels in small, discrete Tasmanian populations were low (McGlashan et al., 1996; Daniels et al., 2000) . The reason for this apparent discrepancy is not clear. A combination of factors could be involved including subjects' medical status (newly pregnant) at time of sampling, serum versus plasma samples and analytical methodology employed (atomic absorption spectrometry versus more recently developed magnetic sector ICP-MS).
Larger studies are warranted, but this study suggests that some subjects from Southern Tasmania may be selenium depleted. The optimal selenium status for health is still unclear. Given the narrow therapeutic window of supplementation, dietary advice to increase selenium intake, particularly in at-risk groups, may be an effective means of increasing plasma selenium toward target levels. Comparison of % below 100 mg/l in the age/gender subgroup with women 50-65 using logistic regression. b Population estimate derived from the sample estimate weighted for the relative sampling rates in the different age/gender subgroups in the Greater Hobart region population.
